Addition of ferredoxin to isolated thylakoid membranes reconstitutes electron transport from water to NADP and to 02 (the Mehler reaction).
Evidence has accumulated for the existence of PSI cyclic photophosphorylation activity and its importance for CO2 fixation in chloroplasts (6, 7, 15, 24, 25) . One of the remaining questions about PSI cyclic electron flow pertains to the mechanism by which the chloroplast regulates cyclic and noncyclic electron transport in order to maintain the necessary balance between ATP and NADPH for CO2 fixation activity. Partial inhibition of PSII electron flow has been shown to stimulate cyclic photophosphorylation in intact chloroplasts ( 11, 12, 15) and in isolated thylakoids supplied with ferredoxin (3) as long as anaerobic conditions are maintained. This 'poising' effect presumably reflects a redistribution of electron flow in favor of reduced ferredoxin to PQ3 (with possible intermediate carriers) concurrent with restriction of electron flow from PSII to PQ. Addition of NADPH to isolated thylakoids in the presence of ferredoxin also stimulates cyclic photophosphorylation (1) , and the NADPH/NADP+ ratio has been proposed to regulate the partitioning of electrons between the cyclic and noncyclic pathways at the level of ferredoxin (1, 2, 16, 17, 21) .
This study utilizes isolated thylakoid membranes from spinach to examine the effects of DCMU and the NADPH/NADP+ ratio on cyclic photophosphorylation, running concurrently with non- ' Supported by a grant (PCM82-14240) from the National Science Foundation to C. cyclic photophosphorylation, catalyzed by electron transport from water to ferredoxin/02 or to ferredoxin/NADP+. These experiments, performed under aerobic conditions using saturating light, provide a closer approximation of the activity of PSI cyclic photophosphorylation in vivo than does measurement of a cyclic reaction poised independently of noncyclic electron transport. Our previous studies on this reconstituted electron transport system have shown that electron transport to either ferredoxin/02 or to ferredoxin/NADP+ produces elevated P/O ratios (1.6 versus 1.25 with MeV as the acceptor); the increased P/O ratio is due to the induction, by ferredoxin, of a cyclic or Q-loop electron transfer mechanism (10) . This work also suggests the existence of two separate pathways of cyclic photophosphorylation: one pathway is characterized by sensitivity to antimycin A and the requirement for a substantial pool of reduced ferredoxin, while a second pathway is insensitive to antimycin A and is consistently associated with the turnover of FNR. The results presented here provide further evidence for two cyclic photophosphorylation reactions which are regulated quite differently by both DCMU and the NADPH/NADP+ ratio. A new interpretation of the regulation of cyclic and noncyclic photophosphorylation by the NADPH/NADP+ is presented.
MATERIALS AND METHODS
Spinach thylakoid membranes were prepared by the method of Robinson and Yocum (20) and routinely gave rates of 300 to 400 ,umol 02-h-'. mg-' Chl for gramicidin-uncoupled electron transport to MeV, and noncyclic P/2e ratios between 1.2 and 1.3. Spinach ferredoxin was purified by the procedure of Petering and Palmer (19) with the modifications of Yocum (26) . Electron transport and photophosphorylation rates were measured as described previously (10) (Table I ). -9.
-8.
-7. [10, 18] . Second, the addition of antimycin A during electron transport to ferredoxin/02 selectively inhibits cyclic photophosphorylation and the remaining noncyclic pathway retains a P/O value of 1.2 to 1.25 [10] . Finally, electron transport to either ferredoxin/02 or ferredoxin/NADP+ is coupled with equal efficiency, whether the reactions are concurrent or separate [10] ). By this method, the estimated rate of cyclic photophosphorylation increased from 35 gmol ATP-h-'. mg-' Chl in the absence of inhibitor to 84 Amol ATP. h-'. mg-' Chl in the presence of 0.33 ,uM DCMU. The increase in the ratio of cyclic to noncyclic photophosphorylation ( Fig. 1 ) and the net acceleration of cyclic flow show that reduced ferredoxin is a more successful donor to the membrane-bound components of the cyclic pathway when the flow of electrons from PSII is restricted. This result is consistent with the fact that the highest rates of ferredoxin-mediated cyclic photophosphorylation are obtained in the complete absence of PSII electron flow as long as reduced ferredoxin is supplied (20) .
Addition of 1 mM NADP+ eliminated the stimulation of cyclic photophosphorylation by DCMU (Fig. 1) . Electron transport and ATP synthesis rates decline in parallel (Table I) The differences seen in the presence and absence of NADP+ may be explained by the differing redox conditions imposed upon cyclic flow by noncyclic electron transport. In the absence of NADP, ferredoxin is forced to reduce only 02, and because this reaction is quite slow (9) , it must result in larger pools of reduced ferredoxin and PQ. The addition of low concentrations of DCMU will cause a partial oxidation of both pools. Since the rate of cyclic electron flow is accelerated by DCMU, the initial 'overreduction' of PQ must be more limiting to cyclic flow under these conditions than the supply of electrons from ferredoxin. (Table II) , which is the same rate of 02 reduction obtained using 10 ,M ferredoxin in the absence of NADP(H) (data not shown). While the overall rate of ATP synthesis declined as NADPH was added, it was still 53% of the original rate in the presence of 95% NADPH (Table II) . The P/O ratio ofelectron transport therefore rose from 1.5 with 100% NADP+ to approximately 2.5 in the presence of 95% NADPH plus 5% NADP+ (Fig. 2) . The major part of this increase occurred at high NADPH/NADP+ ratios (>80% NADPH).
The P/O ratios shown in Figure 2 are partially sensitive to a concentration of antimycin A which inhibits the antimycin Asensitive cyclic pathway (10); the ATP which contributes to a P/ O ratio greater than 1.25 in the presence of antimycin A must be supplied by an antimycin A-insensitive cyclic photophosphorylation reaction. Using these P/O ratios and the data from Table II , the estimated rate of each cyclic photophosphorylation reaction was derived (Fig. 3) . The antimycin A-insensitive cyclic photophosphorylation reaction occurred at high rates with both high and low ratios of NADPH to NADP+, although the rate begins to decline at levels of NADPH greater than 80%. Conversely, the antimycin A-sensitive pathway contributed little to the overall rate of photophosphorylation until a high NADPH/ NADP+ ratio was established, at which point the rate of the reaction was greatly stimulated (Fig. 3) . In the presence of 95% NADPH the rates of the two cyclic pathways were equal with activities of about 70 umol ATP. h-' mg-' Chl.
The effect of the NADPH/NADP+ ratio on the concentration of reduced ferredoxin during electron transport to ferredoxin/ NADP (H) was measured as in Hosler and Yocum (10) (data not shown). The total pool (10 AM ferredoxin) was only 10% reduced when NADPH comprised 50% or less of the total pyridine nucleotide pool. As the relative concentration of NADPH was increased above 50%, the ferredoxin pool became more reduced, reaching 70% reduction in the presence of 95% NADPH. The increased reduction ofthe ferredoxin pool resulted from the direct reduction of ferredoxin by NADPH/FNR, as well as increased light-driven reduction because electron transfer through FNR was inhibited. While both DCMU and NADPH slowed linear electron transport to ferredoxin/NADP+, only NADPH increased the ratio of cyclic to noncyclic photophosphorylation (Fig. 2) as well as the total rate of cyclic photophosphorylation ferredoxinig. 3). This change was brought about by an increase in the rate of the antimycin A-sensitive cyclic photophosphorylation reaction (Fig.  3) , which resulted from the NADPH-dependent increase in the concentration of reduced ferredoxin. The rate of antimycin Ainsensitive cyclic photophosphorylation did not decline in parallel with NADP+ reduction, as it did in the presence of DCMU (Fig. 1) , but rather continued to function at its maximum rate until a high ratio of NADPH to NADP+ was reached. If FNR is a component of this cyclic pathway (10), the direct reduction of FNR by NADPH may catalyze this reaction in addition to the reaction produced by reduction of FNR by light-driven electron transport. Other experiments in this laboratory (not presented) have shown that the addition of NADPH and ferredoxin to DCMU-inhibited thylakoids catalyzes a slow rate of cyclic photophosphorylation which is largely insensitive to antimycin A. Similarly, cyclic electron flow in bundle sheath cells ofC4 plants, which appears to be totally dependent upon NADPH as a source of electrons (13), is only slightly sensitive to antimycin A (25) .
The NADPH/NADP+ ratio in the chloroplast has been proposed to control electron flow; a low ratio directs electrons to NADP+ reduction, while a high ratio diverts electrons to cyclic electron flow and 02 (1, 2, 16, 17, 21) . The data of Table II provide clear evidence for the ability of the NADPH/NADP+ ratio to switch electrons from the noncycic to the cyclic pathways, since noncyclic electron transport (NADP+ reduction plus 02 reduction) declines by 80% as the NADPH increases from 0 to 95% while the overall rate of ATP synthesis decreases only 47%. The mechanism of this switching presumably depends upon the redox requirements of each of the cyclic pathways. Since the antimycin A-sensitive pathway is associated with the accumulation of reduced ferredoxin (10), its regulation may be controlled by the reaction of reduced ferredoxin with PQ, as suggested above. However, unlike the effect of DCMU, the acceleration of antimycin A-sensitive cyclic flow by a high ratio ofNADPH to NADP+ must be a result ofthe increased reduction of the ferredoxin pool rather than the partial oxidation of PQ because NADPH has been shown to reduce PQ and cause partial closure of PSII traps (16, 17) . It is noteworthy that the antimycin A-sensitive cycle was not stimulated until the NADP+ pool was more than 80% reduced (Fig. 3) ; at this point the ferredoxin pool was more than 50% reduced. This suggests either that a threshold concentration of reduced ferredoxin is required, or a critical cyclic component becomes reduced at this point to allow cyclic flow, as suggested in Crowther and Hind (4) . The antimycin Ainsensitive cycle is well poised at a low NADPH/NADP+ ratio (where FNR turns over rapidly and the ferredoxin pool is largely oxidized) but begins to decline at NADPH concentrations greater than 80% (Fig. 3) . This is consistent with our previous proposal that the activity of the antimycin A-insensitive pathway is inhibited by the reduction ofthe ferredoxin pool and interphotosystem electron carriers (10) .
CONCLUSIONS
The possible existence of two cyclic electron transfer pathways leads to a novel explanation of the regulation of cyclic and noncyclic electron transport to optimize the ratio of ATP and NADPH in vivo. The presence or absence of 100% NADP+ in our in vitro system produces the extremes of possible redox conditions, at least in terms of the net oxidation-reduction state of the ferredoxin pool and the interphotosystem electron carriers (10) . Under these conditions electron flow through the two cyclic pathways appears to be mutually exclusive (10) . However, with the more physiological situation of high NADPH levels (measured to be between 50 and 85% in intact photosynthesizing chloroplasts under a variety of conditions [8, 14, 23] ) both cyclic reactions may be poised simultaneously (Fig. 3) Fig. 2 ) greater than 1.25 which is sensitive to 1.7 gM antimycin A and the fraction which is insensitive to the inhibitor. The uppermost (A) curve shows the effect of the NADPH/NADP ratio on the total rate of cyclic photophosphorylation. In these assays, antimycin A had no effect on electron transport activity.
the ATP/ADP ratio drops and the NADPH/NADP ratio rises (e.g. low light intensity [14, 23] ) the antimycin A-sensitive cycle may accelerate. As the additional ATP generated by these two reactions is utilized by CO2 fixation activity, NADPH is oxidized and the rate of antimycin A-sensitive cyclic photophosphorylation is adjusted by the redox state of the NADP+ pool. Significantly, the P/O values in our experiments did not rise rapidly until a high ratio of NADPH to NADP+ was reached (Fig. 2) .
Since high concentrations of ATP may also be inhibitory to electron transport by increasing the proton back pressure (22) , additional ATP may be generated only when necessary.
Evidence consistent with the existence of two cycles in vivo may be found in measurements of CO2-dependent 02 evolution in intact spinach chloroplasts. Antimycin A strongly inhibits photosynthesis driven by low intensity light, but inhibits only slightly in high intensity light (22) . (Woo [24] reports a similar result, but Heber et al. [7] found the opposite effect using high and low intensity red light. The reason for this discrepancy is unclear. On the other hand, DeWolf et al. [5] , using detergentisolated PSI subchloroplast membranes which retain energy coupling, have found antimycin A-insensitive activity in agreement with our earlier report [10] .) Under low intensity illumination the NADPH/NADP+ ratio reaches its greatest value (8) . By the scheme presented above the high ratio of NADPH to NADP+ stimulates the antimycin A-sensitive cycle, which assumes a more important role in supplying ATP for CO2 fixation, and thus increases the sensitivity of photosynthesis to antimycin A. Under high light intensity, which results in a lower ratio of NADPH to NADP+ (8, 23) , sufficient ATP may be generated by noncyclic electron transport and the antimycin A-insensitive cycle; thus,
